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Electromagnetic properties of hadrons via theu-d mass difference and direct photon exchange
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We demonstrate thatw@ad quark mass differenc@vhich we estimate to be about 4 MgWithin quantum
loops can reproduce the effects of the Coleman-Glashow electromagnetic tadpole operator.
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[. INTRODUCTION However, before starting, it is as well to remind ourselves
about the sort of magnitudes that we are chasing. g+me

It is now well understood that the neutron is heavier thanmass difference of about 1.3 MeV gives a first indication:
the proton because the down quark is heavier than the ugince virtual photon exchange provides the positive terms
quark, which more than compensates the positive electro-
magnetic charge energy of the proton. An earlier, alternative (p[Hyslp)=1.2MeV, (n|Hy,n)=0, 3
interpretation of the idea is due to Coleman and GlasHdw
who express this as an electromagnetic Hamiltonian operatd¥e may deducé4]

Hem=H,,+H.q, 1) (PIH3%dlP) —(n[HEqln)=—2.5 MeV. (4)

which contains an intrinsic “tadpole” term transforming as The naive conclusion is therefore tha—m,~3 MeV. In
the third component of isospii\s in an SU3) contex]; the  the same vein, the observéll” —X" mass splitting of 8
H; piece corresponds to the first order in taeontribution ~ MeV suggests that

due to photon exchange, which can be estimated in various

ways and is predominantly positive. By using the group the- My—my=(My-—mMmy+)/2=4 MeV, )

oretical properties oH2 , one can thereby correlate many . __ .
_prop tad . y aNY since theH ;; contribution, due alone to magnetic moments,
mass differences and magnetic moments of hadrons within a

; IS small; it also accords with the $8) symmetry prediction

multiplet. 5] (H3 ~3(H3,), ,=—7.5 MeV. Finall

In this paper we shall try to ascribe the tadpole term to thé | (Hiad)s +—x-=3(Hiag)p-n ' ev. Finaly, we
u-d constituent quark mass difference and therefore obtain 'Y €xtract a crude value fong—m, from the observed
more dynamical picture of its origin. This will involve evalu- K°-K* mass difference, since botts andus have the same
ating the differences of certain “bubble graphs” plus duark structure; thus,
vacuum “tadpole” diagrams for hadron self-energies, in ad-
dition to virtual photon emission or absorption graphs. Apart
from the vacuum diagrams, these bubble graph differences
contain logarithmic infinities, requiring regularizatiofThe
results are actually insensitive to the regularization and d
not depend on momentum routindn any case, as needed,
we will at various points make use of simple quark chiral
symmetry idea$2], such as the Goldberger-Treiman relation
(for f_~93 MeV andg=2/+/3)

Mg— My=Mgo— Mg+=4 MeV.

We will review expectations for thae-d mass difference

6n the next section. Then in Sec. lll we shall study pseudo-
scalar meson electromagnetic mass splittings from the per-
spective of QED and quark loop diagrams. A similar ap-
proach is applied to vector mesons in Sec. IV, with particular
emphasis oA | =1, w-p° mixing. We will find that all cases
associated with logarithmic divergences are governed by a
universal (tadpolg scale of about-5200 Me\?, which is
determined by a@-u mass difference of about 4 MeV. There
we also offer some comparisons with other group-theoretical
approaches.

f._g=(my+my)/2=m=337 MeV, 2

which correspond to “gap equations” in a dynamical con-
text, in order to handle logarithmic infinities which some-
times arise[ The magnitud€?2) also arises in the context of

magnetic momentf3].] We will see that this quark interpre- I CONSTITUENT QUARK  D-U MASS DIFFERENCE

tatio_n of the Coleman-Glashow tadp_ole_ works quite well and The nonstrange and strange constituent quark masses are
provides a more fundamental description of the electromag-

netic properties of hadrons. very roughly given. bymz_m_p/2~380 MeV, m52m¢’/2.
~510 MeV, respectively. Similar results follow by examin-
ing the baryon masses but more accurate scales are found
*Email address: bob.delbourgo@utas.edu.au from the G(}Idberger-Treiman relatidi2) and its analogue
"Email address: d.liu@utas.edu.au frg=(ms+m)/2. SinCAe experimentgs] give fy /f, =1.22,
*Email address: scadron@physics.arizona.edu one deduces than,/m=1.44, leading to the mass scales
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(within a few MeV) M= 340 MeV. m.=490 MeV TABLE |. SU(2) mass splittings for octet baryons, in MeV.
L] - 3 s— .
To obtain the still smalleu-d mass difference, it is nec-

3
essary to look at electromagnetiEM) mass differences be- Baryons Ha Hiaa Total Data
tween baryons, as indicated above, which suggestrthat ~ m,—m, 1.2 -25 -1.3 -1.29
—m,~4 MeV. A similar inference can be drawn from the mgo—m;- -1.0 -3.8 -4.8 -4.9+0.1
pseudoscalar mass differences: first, we note khgj does My +— My - -0.3 -75 -7.8 —-8.1+0.1
not contribute to ther™-#° mass difference; second, we Mzo— Mz - -11 -50 ~6.1 —6.4+0.6

take it that theH ;; term gives a comparable magnitude both
to w"-7° and K*-K° squared masses. It follows that the
tadpole contribution tornﬁ+—m727+ is determined by[4]  we require a strong interaction cutaff=1.05 GeV. This is
Amﬁ—Amiz—SZOO Me\2. Because we are ascribing this & reasonab_le magni_tude since it comes_from vector-meson-
part to the underlying quarks, we may roughly equate it todlominated intermediate states and we will be adopting simi-
(as we shall confirm in different guise in the next section lar values subsequently to estimate the photon exchange con-
2(my— mg)my , whereupon one deduces,—m,~4 Mev. tributions to meson masses. But in any case the picture looks

Dashen’s EM PCAC(partial conservation of axial vector rather good for baryons when one also includ] the

coupling theoremg 7] are in conformity with this result. smaller magnetic contributions, as one can see from Table |I.
Another source of information is the amazingly accurate
hyperfine splitting quark modgB] which predicts the con- Ill. PSEUDOSCALAR MESON MASS DIFFERENCES

stituent mass differenceny—m,=6 MeV, but in conjunc- . .
We ascribe the S(2) differences to photon exchange and

tion with a (baryon quark mass scale ofn=363 MeV. thed-u quark mass disparity in intermediate loops in order to
Since this is rather greater than the previous scale by a factor q panty P

of about 10%. one is inclined to reduce the Is pee if we can arrive at the same sort of estimate as the group-
: gur value Oy o , etical tadpole method. Turning first to the pions, it i
my—m, to 5.5 MeV or less. The Particle Data Group tablest eoretical tadpole method. Turning first to the pions, it is
u readily established that the quark loop diagrams dsee

[6] provide yet another source, but for the current quark masg. 1), at zero external momentufd1]

difference; they say thatnfy—m,)current hOVers around 5 g- '

MeV with an error of about 2 MeV. A more global approach )

due to Lichtenberd9] finds that the constituerd-u quark 2. —mPo) __giN ng d*p P~ mymy

mass difference exceeds 4.1 MeV. Given all these clues, we 7 7 d100ps ¢ (p?—m?2)(p?—m3)

expect that constituent mass differenceng—m,

=4-5.5 MeV will be fairly close to the truth. i > (=
Let us use the magnitude &>, to come to some con- +4INcg f d*p

clusions about the magnitude of thé;; piece for various

baryons and thereby estimate the strong interaction cutoff (8)

scale. The group-theoretical factors ensuing from the

Coleman-Glashow operatét?, and the overall scale, esti- [We have dropped the isospinde(980) vacuum tadpole
mated in Ref[10], provide the figures contribution, because, does not couple to pion paitsThe

result(8) equals (ny— m,)? and may be neglected, in agree-
2 1 ment with group-theoretical symmetry argumelritk Not so
(Htgad)pfnzg(Htsad)Eofi’:E(Htgad)EJr—E* the photon exchange contributi¢f2] to the charged pion,
which is quadratically divergent in QED and, via dispersion
relations, may be estimated to equal

1 1

J’_
2 2 2 2
pr—my  pT—my

1
2§(H§ad)5075_:—2.5 MeV. (6)

2 % a2 2 2/ 2\
Concentrating on the proton, we deduce that;f), (M) 30> 27T{A FmalIn(A%/m?) =11} ©

=1.2 MeV in order to give the observed-p mass differ-
ence. Thus, neglecting magnetic moment contributions to thgince it is identified withA miz 1260 Me\? experimentally,
fermion self-energy(which never exceed about 0.3 M}':‘V we require a cutoffA=1.02 GeV, rather close to thm—n
and using the standard QED result cutoff, used earlier. This is an encouraging sign.
Next we consider the kaons. Here, neither the quark
In(i) n % 7) bubble nor thea, tadpole graph is negligible and we need, as
Mp

3a
(Hay)p=2(m)= 2w ever, the photon exchange contribution

=1.2 MeV,

~

S FIG. 1. Quark loop plus photon exchange

U u
contributions tom_+—m_-.
—( =+ 7= = »m -
» d u
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u d
aU
+ ) +
Tns 70 Nns 70 Tns 70

1]}=1420 MeV?,
(10)

02
(Mge)a9= 5 {A>+ M In(A?/mg) -

again using a cutoff of about 1.05 GeV. The near agreement
between Egs.(9) and (10) is compatible with Dashen’s
PCAC result{7]. The difference between quark loop contri-
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FIG. 2. Quark loop contributions to the
— 715 transition element.

(2 2
(AmK)q loops =(mK+_mK0)q loops

=(my—mgy)[2(2m—my)

—3m?(m—mg)/2(m?+ m2)]

butions(see Fig. 2is

2 2
(mK+ - mKO)q loops

Ng f p—i—k)2
D'(p+k)—msmu_p'(P+k)—msmd
p?—m; p?—mj
8i909a kkNc [ _ m m
+ az Cf d’p 2 - 2 ° 2
m3_ p?-mi  p?-mj

(11)

Using the logarithmic divergent gap equation for ﬂﬁsys-
tem[13], namely,f,g=(m¢+m)/2 or

1=—4iN Zj d'p (12
—NE ) e my ()

and the regularization-insensitive identfti3]

f d*p f m?d*p +im2
p2—m? (p?—m?)? 1672

+80akk(My— mq)m?/g mezlo, (13

remembering thagzN =472, Since the experimental mag-
nitude is @mK) (AmK)Jﬁ—(AmK)q loops™ — 3960 Me\?,
we require that §mg), loops™—5380 Me\?. To make fur-
ther progress we require some knowledge almpuy . On
the one hand, we have the chiral estim4fS] JagkK
=(mj —mg)/2fx=3140 MeV, and on the other hand(3y
symmetry says tha, xk=9on/2= m2/2f .=2550 MeV;
probably the true value lies somewhere in between, say,
gaOKK:ZYOO MeV with a possible error of 200 MeV. Sub-
stituting this into Eq.(13), we are led to the valumyg—m,
=5380/1326=4.1 MeV, which is quite reasonable.

The same idea can be used to estimate the nonstrange
electromagnetic transition amplitudé,, =(7°|Heq 7ns).
In this case we do not have to worry about photon exchange

and the surviving one-loop diagrams are given in Fig. 3.
Here one finds

Mﬂnnsz—4igzNCf d“p{ i

my My

2_ 2 22|
pr—my P My

8iNc9%amr, . [ —

2
2
mao

We are on much firmer ground now if we claim that
Gagmy,,= 20a,kk = M2/ f =5140 MeV, since this just relies

we are able to estimate the zero-momentum finite expressid® U(2) symmetry. Using the gap equation amg=2m, we

[14]

arrive at the clean resuM ,, =2m(m,—my)+16m3(m,

K+
FIG. 3. Quark loop plus photon exchange
contributions tomyo— mg+.
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u,d
u d
O~ - O :
+ F +
14 w 14 w P w
u d

— md)/mgoz 1310(m,—my), and thereby can predict the we estimate the, tadpole contribution to equal that of the

FIG. 4. Quark loop contributions to thg
— w transition element.

characteristic valueM ,, =-—5240 (MeVy, for my—m,
=4 MeV.

IV. VECTOR MESON MASS DIFFERENCES

T — 7 transition, namely, 11%13(mu— md)/mio. Altogether,
one deduces

(Hq |00p$)wp: giNc( ml.zj_ mg)/8772+ 16&13( my— md)/mgo'
(18

Next we turn to the vector mesons and the all-important
coupling between thé=0,w and thel =1,p. The calcula- The right-hand side can be estimated by using the experi-
tions are even simpler in this case. First, we have the photofental valueg,=5.03[2,16]; one finds that both terms in
exchange term, which comes out cleanly near the vectoFd. (18 contribute almost equally, the result being

mass shelk’=m,m,, as
(Hy)wp(k)=€?k%/(g,9,,) =640 Me\?, (14

since the leptonic rates gig;, /e=16.6 andg,,/e=56.3 via

vector meson dominance. Then we have the QED-like

bubble polarization tensor term

M,,=(~Kg,,+kk)I(KZm)g%4, (15

where, in a first approximation, we have used th@)ldym-
metry coupling constants,d,0,u= —9,%4d= Jwuu= Jwdd
=g, . The polarization function, beindl5]

. 1 a(l—a)allp
TT(k2,m2) = —8|ch0 daf [p2—m?+ kza(l—a)]zy
(16)

the difference between the and d quark contributions is
easily found, because it is finite. Af=m’>=m?, one obtains

TL(k?, m§) — TT(k?,mg)

1
= —161Nc(m§—m§)f a(l-a)da
0

d* N¢(m3—m?
XJ p _ c( d u) (17)
[p?+Kk?a(l—a)]® 27%k?
Hence, via the inverse propagatdr, (k) =k,k,—k?g,,,

+11,,,(k)= —gw(kz—mz)—kkuky

(Hq 100pd wp=1310(m,— my) = — 5240 Me\?, for my—m,
=4 MeV. Adding it to the photon exchange contribution, we
end up with

(Hem) wp=(H33) wp (Hg 100p9 wp= — 4600 Me\~.
(19

This agrees reasonably well with the magnitutig, §) ,,=
—4520 Me\?, derived experimentally from thaw— p°
— 2 rate[17,18.

We can extend these ideas to other mixings ik ¢,
pY, but such calculations are sensitive to the amount of ad-
mixture of nonstrange mesons in the heavy meson states.
Indeed the experimental rates fafy andY to two pions
and two kaons directly measure the admixtures—and they
are very small. Thus we are unable to test properly our quark
loop hypothesis in those cases.

The calculations above confirm that one can view the
Coleman-Glashow tadpole piece as equivalentdelamass
difference of about 4 MeV in the context of a quark model.
In this way we achieve a more fundamental picture of the
electromagnetic properties of hadrons, when we combine the
qguark mass difference effect with standard photon emission
and absorption.

To conclude this paper, we compapew mixing with
other methods of estimation. First, there is the method based
on the Coleman-Glashow tadpdl&9]:

(H?ad)wp: - <0| Hfad|ag>ga0¢upo/mzioE B faomgo/f,” :
(20)

For f,,=0.5 MeV, this gives K,g) ,,= — 5200 MeV’. Sec-

terms, one sees that ond, one may use SB) symmetry to connect this matrix

—K?I1(k?) has the significance of a squared mass. To thiglement with thek* masses:

bubble contribution must be added thg tadpole contribu-
tion (see Fig. 4 for the sum of all graphsvhich equals

my My
2_

2 22
m, p"—Mmy

4| NCgaowpf 2
- 2

mao

p

Let us invoke SW) spin-flavor symmetry and sef,

07 Tns

(H3),p=AMmZ, —Am2=—5130 Me\®.  (21)

Third, one can apply fully fledged S8) symmetry to equate
Eq. (21) with
(H ) wp=AMmg —AmZ=—5220 Me\~. (22)

In no case is there any striking discrepancy. It might be

=0agpw N Order to progress the evaluation; in this mannerpossible also to generalize the argument to heavier mesons
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such adD, Dy, D, andB; this would require strong faith in gnergy t channel. By studying_superconvergent relations,.he
mass extrapolations and we have not been brave enough igentified theAl=1 tadpole with a subtraction constant in
try that. In this connection it is worth recalling the result of the t channel, associated with thetrajectory, and thereby
Lane and Weinber§20], based on phenomenological chiral justified the Coleman-Glashow procedure.
Lagrangians, which yieldsny—m,~4.5 MeV and which
predictsmp+ —mpo=6.7 MeV.
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